The influence of osmoticum treatments on early kernel development of maize (Zea mays L.) was studied using an in vitro culture method. Kernels with subtending cob sections were placed in culture at 5 days after pollination. Sucrose (0.29, 0.44, or 0.58 molar) and sorbitol (0, 0.15, or 0.29 molar) were used to obtain six media with water potentials of -1.1, -1.6, or -2.0 megapascals. Kernel water potential declined in correspondence with the water potential of the medium; however, fresh weight growth was not significantly inhibited from 5 to 12 days after pollination. In stress treatments with media water potentials of -1.6 or -2.0 megapascals, endosperm tissue accumulated water and solutes from 10 and 12 days after pollination at a rate similar to or greater than that of the control (-1.1 megapascals). In contrast, endosperm cell division was inhibited in all treatments relative to control. At 10 days after pollination, endosperm sucrose concentration was greater in two of the -2.0 megapascal treatments with 0.44 or 0.58 molar media sucrose compared to control kernels cultured in 0.29 molar sucrose at -1.1 megapascals. Significant increases in abscisic acid content per gram of fresh weight were detected in two -2.0 megapascal treatments (0.29 molar sucrose plus 0.29 molar sorbitol and 0.58 molar sucrose) at 10 days after pollination. We conclude that in cultured maize kernels, endosperm cell division was more responsive than fresh weight accumulation to low water potential treatments. Data were consistent with mechanisms involving abscisic acid or lowered tissue water potential, or an interaction of the two factors.
also be considered (reviewed by Kermode [11] ). Perhaps the effects of ABA observed on endosperm cell division could be duplicated or attenuated by altered solute concentration. In support of this possibility, studies have shown that the effects of ABA on embryo development can be mimicked to some extent by increased solute concentration (1, 4, 12) . However, in some systems, such responses to solute concentration require a concomitant rise in endogenous ABA (21, 25) . Thus, to evaluate the effects of water deficit on endosperm development, both tissue water status (0', r, Op) and ABA levels need to be considered.
In maize kemel culture, the level of carbohydrates available to the developing kemel is controlled by medium composition. In this study, we altered the i, of the medium by adding increments of sucrose and/or sorbitol. Sorbitol was used to impose the /w treatments in an attempt to separate the effects of increased carbohydrate nutrition from the effects of decreased 0,. Individual kemels with a small piece of subtending cob tissue were placed on the media and cultured for 3 to 7 d. This method excludes most matemal tissue, thereby decreasing import of ABA from leaves and roots. The goals of the present studies were to assess the extent to which endosperm cell division and FW accumulation respond to elevated osmoticum concentration and to evaluate the potential role of changes in tissue water status (4w, 4/', or Op) and ABA in these responses.
Our previous work indicated that ABA inhibits cell division in developing maize endosperm (13) . Additionally, Ober et al. (16) reported that plant water deficit caused a decrease in endosperm cell number concomitant with a rise in ABA. The ABA detected in the endosperm was imported from matemal tissues (15 (13) . The ear shoots were bagged prior to silk emergence and all florets on each ear were synchronously pollinated 4 or 5 d after silk emergence. At 5 DAP, ears were harvested for culture.
In Vitro Culture
Explants of whole kernels and subtending cob sections were cultured at 5 DAP as previously described (13) . Combinations in an array of three sucrose concentrations (0.29, 0.44, or 0.58 M) and three sorbitol concentrations (0, 0.15 or 0.29 M) were used to obtain six media at three levels of Ow (Table I ). Media were prepared 1 d before start of culture. After autoclaving, media were poured into culture dishes (50 mL) and additional samples of each medium were poured into screw-cap tubes and refrigerated for later determination of Os by thermocouple psychrometry as described below.
Thermocouple Psychrometry At 8, 10 , and 12 DAP, kernels were excised at the pedicel base and immediately placed in small psychrometer chambers (0.24 cm3, J.R.D. Merrill Specialty Equipment Co., Logan, UT). Each chamber was assembled with a thermocouple module and placed in a thermally stable water bath (240C) and allowed to equilibrate for 4 h. O, was determined with a Wescor microvolt meter (Model HR-33, Wescor Co., Logan, UT) operating in the Peltier cooling mode and calibrated with a series of NaCl standards (14) . To determine Os, samples were removed from the chambers, frozen in liquid N2, and placed back in the chambers for re-equilibration and measurement as above. Turgor was calculated by subtracting 1ks from iw.
Cell Number Determination
Kernels were excised from the cob sections and immediately placed in ethanol:glacial acetic acid (3:1, v/v). Endosperms were dissected out and treated with pectinase to obtain a homogeneous suspension of nuclei as previously described (13) . Nuclei were stained with acetocarmine and counted on a hemacytometer (X400; Improved Neubauer Ultra Plane, Model 3500, Hausser Scientific, Blue Bell, PA).
The counts were multiplied by the appropriate dilution factors to determine cell (nuclei) number per endosperm. Table I , kernels were excised at the pedicel base and placed in small psychrometer chambers for determination of 0,. To measure 4IS, kernels were frozen in liquid N2 and remeasured after equilibrium. The SE of the two replicate kernels is given in parentheses. , and then extracts were dried in vacuo and resuspended in a Tris-buffered saline solution as previously described (13) . Extracts were analyzed by indirect ELISA using an Idetek (San Bruno, CA) monoclonal antibody to (+)-ABA (13, 14, 23) .
Sucrose and Glucose Analysis
Endosperm sucrose and glucose quantities were determined on aliquots from the methanol extracts used for the ABA assay described above. Quantification of glucose was by a glucose oxidase assay described by Ou-Lee and Setter (18) and modified for use in microtiter plates (16) . Sucrose content was determined by the difference between free glucose and total glucose after invertase hydrolysis (18) .
RESULTS

Kernel Ow, As, and Pp
Water potentials of the media were -1.1, -1.6, or -2.0 MPa at the start of culture (Table I) . Five days after culture, kernel 4K)w and V/s both declined in response to the imposed medium 4w (Table II) (Fig. 1A) ; however, at 10 DAP, those kemels cultured in all media at -2.0 MPa or in SoISu2 (-1.6 MPa) had decreased endosperm cell number compared to the control (SoISu2) and to kernels cultured in So2SuI (-1.6 MPa). Between (Fig. 2B) . Kernels cultured in media more negative than -1.1 MPa had an increased rate of FW accumulation between 10 and 12 DAP, compared to the controls. 
Sucrose and Glucose
Although endosperm sucrose content/g FW appeared to increase concomitantly with increased media sucrose or decreased media 0,, only two treatment groups, So2Su2 and So1Su3, differed significantly (P c 0.05) from the control (SojSuj) (Fig. 4A ). Both treatment groups had higher levels of sucrose available in the media than the control (50 and 100% more sucrose, respectively) and both were at the most negative solute potential (-2.0 MPa). One or both factors could have contributed to the resulting high level of endosperm sucrose content/g FW. Neither kernels cultured in an elevated sucrose concentration without sorbitol (0.44 M sucrose; SoISu2) nor kernels cultured at the most negative solute potential (-2.0 MPa), but with the lowest medium sucrose concentration (0.29 M; So3Su1), differed from the control in sucrose content/g FW, suggesting that endosperm accumulated sucrose in response to medium 4'w rather than to availability of sucrose, per se. Sucrose content/g FW at 10 DAP correlated with endosperm cell number at 12 DAP (r = -0.82; P c 0.05); however, an even stronger correlation was detected when sucrose and ABA were evaluated together against endosperm cell number (r = -0.92; P s 0.01).
Glucose accumulation was small, and levels in the endosperm at 10 DAP did not differ among most treatments (Fig.  4B ). More (P s 0.05) glucose was detected in kernels cultured in So2Su2 than in SoSuj or So3Sul. At Table I . Bars indicate the SE of seven to eight replicate endosperms. Table I . Bars indicate the SE of six to eight replicate endosperms.
glucose levels (mg g-1 FW) were approximately half those of sucrose across all treatments. There were no detectable differences among any treatments at 12 DAP (data not shown).
DISCUSSION
In this study, we examined the effect of decreased kernel ikw, elicited by elevating the osmoticum concentration in culture medium (Table II) , on endosperm cell number and growth. Whereas osmoticum treatments that lowered media 4', to -1.6 or -2.0 MPa substantially decreased cell division (Fig. 1) , such treatments had no detectable effect on endosperm FW at 12 DAP (Fig. 2) . In many plant tissues, elevated osmoticum levels or water deficit decrease the rate of cell division (3, 5, 16, 20, 22) . Although cell expansion rates also decreased in several of these cases (5, 16, 20) , the magnitude of treatment effect on cell division versus cell expansion depended on the timing of treatment application with respect to developmental events (20, 22) . In the current study, kernels were transferred to osmoticum treatments at 5 DAP, which was shortly before the period of most rapid cell division (Fig.  1 ), but many days before the start of rapid FW accumulation (Fig. 2) (2, 17) , and such effects could alter carbohydrate fluxes in the present system. However, the rate of carbohydrate utilization during cell division is considerably lower than during FW accumulation (9) , and the latter process was not affected by osmoticum (Fig. 2) . Also, even though sucrose is metabolized more readily than sorbitol, they were equally effective in inhibiting cell division (Fig. 1) . Alternatively, osmoticum may have influenced cell division by decreasing endosperm tissue i, or one of its components, 4p or 0,'. In developing embryos of maize and other species, developmental events such as accumulation of stage-specific proteins may be induced by tissue desiccation and concomitant decreases in As, (4, 19, 26) . Hence, it is plausible that the observed increases in sucrose content/g FW (Fig. 4) and decreases in 4V5 (Table II) (15) , the cob, carpels, endosperm, or embryo may have synthesized ABA in the present system (6, 10, 25) . In other in vitro studies, the cob piece was shown to provide more than just structural support and vascular function, as it synthesized ABA that accumulated in endosperm (6) . Also, work by Jones and Brenner (7) indicated that when kernels were cultured with 0.44 M sucrose in the medium, concentrations of ABA were higher in pedicel than endosperm. However, the extent to which osmoticum increased endosperm ABA concentration was less in the current study (Fig. 4) than in studies on intact plants subjected to water deficit (14, 15) , even though the -2.0 MPa treatment in the current studies substantially lowered endosperm tissue 0, (Table II) , whereas whole-plant water deficit did not discemibly affect endosperm 4t' (14, 15) .
Compared to in vivo-grown maize kernels, in vitro-grown kemels reach physiological maturity much earlier and accumulate less dry matter (8, 10) . Several factors could contribute to this altered growth of cultured kernels. For example, in vitro growth conditions may induce the synthesis and accumulation of ABA due to a more negative 4t' than exists in vivo. In addition, a decrease in i1, can alter the growth potential of maize kernels by prematurely accelerating grain desiccation (24) . Hastened development was also indicated in the current study, because the cell division rates declined earlier in kemels cultured in low 14' media than in the control (Fig. 1) . Thus, we conclude that low 4,1 treatment of in vitrogrown maize kemels inhibits cell division rate and the length of time during which cell division occurs in endosperm tissue.
